The effect of a sudden influent phosphorus concentration increase on a completely mixed reactor of an anaerobic liquid waste treatment process was evaluated. Chemical oxygen demand (COD), volatile fatty acids (VFA), suspended solids, pH and gas production were measured for process monitoring. Optical and scanning electron microscopic observations were also performed. Kinetic parameters were estimated from substrate and microorganisms concentrations, mass balances and experimental data. After phosphorus concentration increase, VFA concentration enhanced by 500% approximately and COD removal, gas production, bacterial growth coefficient (Y) and maximum bacterial growth rate (μ max ) decreased 20%, 18%, 54% and 35% respectively. An excessive growth of filamentous microorganisms was also observed. The equilibrium established between acidogenic and methanogenic microorganisms was visibly affected causing a decrease of methanogenic activity. The experimental results showed that phosphorous arises as a methanogenesis inhibitor and a growth factor for filamentous microorganism under anaerobic conditions.
Introduction
The availability of nutrients is an important factor related to microbial growth. They are essential in biological liquid waste treatment systems for microorganism growth [1] in order to achieve high organic matter removal efficiencies. Usually, nutrients present a positive effect on treatment processes but in some cases they exhibit a negative response, mainly in anaerobic processes [2] . The lack of adequate knowledge of the nutritional requirements and effects of nutrients on methanogenic microorganisms has resulted in an unknown response concerning the anaerobic digestion process [3] .
The effect of certain essential nutrients in microbial growth of the anaerobic digestion process has been studied in several articles. For example, ammonia nitrogen effect has been studied extensively [4] [5] [6] [7] . High ammonia levels have been found to cause an inhibitory effect on acetoclastic methanogenesis [2, [8] [9] [10] .
Likewise, the effect of metals forming part of the essential enzymes (micronutrients) which drive metabolic reactions in anaerobic digestion process has been studied too. Sharma and Singh [11] found that traces of iron, nickel and cobalt, individually and in combination, improve COD removal and granular sludge properties. Takashima and Speece [12] determined the minimum mineral nutrient requirements of calcium, magnesium, iron, cobalt and nickel necessary for high acetate utilization rates in anaerobic digestion.
Nevertheless, there are few articles related to the effect of phosphorus concentration in anaerobic digestion processes and results are contradictory. On one hand, Sharma and Sigh [11] found that phosphorus addition in an UASB reactor inoculated with anaerobic sludge results in a gas production and COD removal decrease; on the other hand, Alphenaar et al. [13] found that under phosphorus limiting conditions an anaerobic sludge undergoes a reversible reduction of methanogenic activity. Thereby, there is not a clear tendency concerning
The aim of this work was to assess the behaviour of the basic parameters for the anaerobic treatment of a low strength liquid waste (COD 2000 mg/L) [14] when phosphorous influent concentration suddenly increases. This low strength liquid waste simulates, in organic matter content, a liquid waste from the food or beverage industry (i.e., sugar, dairy products or canned foods) [15] [16] [17] .
The highest value of phosphorus concentration was selected with typical phosphorus concentrations of liquid wastes with similar characteristics, like from cheeses and milk plants production (35) (36) (37) (38) (39) (40) mg-P/L) [18] , agroindustrial activities (32.3 mg-P/L) [19] , food processing plants (26.7 mg-P/L) [20] and centrifuged supernatants of wastewater treatment systems (15-60 mg-P/L) [21] .
This study contributes to the understanding of the effect of perturbations of phosphorus concentration in anaerobic processes for liquid waste recovery. Thus, treatment systems performance and operation can be improved in full-scale plants.
Materials and Methods

Experimental set-up
A 5 L BIOSTAT B® Fermenter (B. Braun Biotech) for small-scale applications was used. Schematic diagram is shown in Figure 1 . Set-up consisted of by a cylindrical concave-bottom reaction flask equipped with a stirring system, control unit and a digital integrated control system built-in (flow, temperature, level and stirring control loops). The experiment was controlled by a PC using the MFCS/win 2.0 software. Control unit was equipped with a peristaltic pump panel. A volumetric respirometer was placed in the gas outlet in order to quantify the methane volume production. In addition, a settling vessel was placed after anaerobic reactor for effluent clarification.
Analytical methods
Chemical oxygen demand, solids, nitrate, ammonia, total nitrogen Kjeldhal and phosphorous were measured by standard methods [22] . Effluent and reactor pH were measured potentiometrically by a CRISON GLP 22 pHmeter.
Volatile fatty acids (VFA) were analyzed by a Gas Chromatograph (Perkin Elmer 8500) equipped with a flame ionization detector (GC-FID) and a 150 cm x 3 mm Porapak Q packed column. Samples were first filtered through a 0.45 mm cellulosic filter membrane, acidified by sulphuric acid and injected (1 mL) for free acids measuring. Column temperature was 200°C (isothermal), injector and detector temperatures were 220 and 240°C respectively. Nitrogen was used as carrier gas at a flow rate of 40ml/min. The VFA analysed included acetic, propionic and butyric acids. Total VFA were calculated as acetic acid equivalents (mg acetic acid equivalents/l).
Gas production was measured by volume displacement. The biogas produced inside the reactor (CH 4 +CO 2 ) moves into a volumetric respirometer flask ( Figure 1 ) filled with a solution of NaOH (1N) to remove CO 2 which is absorbed by the alkaline solution leaving only methane in the gas phase [23] . Flask consists of a closed vessel with a gas inlet tube inserted deep into the alkaline solution and a liquid outlet tube at the same level. The CH 4 present in the flask displaces a volume of NaOH solution equal to the volume of gas. Displaced NaOH solution moves to a second volumetric flask ( Figure 1 ) where the volume is measured and carbonates produced by reaction of CO 2 and NaOH in the previous flask are analyzed in order to determine the amount of CO 2 in the biogas.
Optical and scanning electron microscopic (SEM) observations were performed in order to detect possible morphologic changes in biomass structure during the experiment. Optical observations were performed in a LEICA DM 1000 microscope equipped with phases contrast. Samples were observed in vivo and bacteria were coloured by Gram stain. SEM observations were carried out using a ZEISS DSM 940 digital scanning electron microscope equipped with microanalysis elemental system by EDX (Z II de Tracor Northern).
Liquid Waste
The experiment was conducted using a synthetic liquid waste. Composition and characterization of this liquid are shown in Tables 1 and 2 respectively. C, N and P were supplied by means of glucose addition, KNO 3 and K 2 HPO 4 respectively.
Nitrate was added as a supply of nitrogen because it acts as a nutrient and electron acceptor in the anaerobic degradation process by respiration mechanism [24] ; however, when present in elevated concentrations, methanogenic stage is inhibited [25, 26] . Therefore, nitrate concentration was limited to under 100 mg/L to avoid the inhibitory effect. Phosphate was supplied following a COD/P ratio of about 600: 1 [27] .
Ca [12] .
The medium was buffered by sodium hydrogen carbonate (NaHCO 3 ) addition because alkalinity is essential to neutralize VFA accumulation and to avoid methanogenic microorganism washout [28] . 
Experimental procedure
This study starts from day 50 when the anaerobic reactor reached a steady-state. The reactor was started-up with an aerobic sludge taken from an activated sludge process (with anoxic stage) treating municipal wastewaters (wastewater treatment plant in Salamanca, Spain). Hydraulic retention time (θ) was 20 days. From day 50 to day 85, phosphorus concentration in influent was constant at 3.3 mg/L. Increase in the concentration of influent phosphorus was analysed during 20 days from day 85. Concentration was increased rapidly ten times the initial value (33.3 mg-P/L). After this period of time, influent phosphorus concentration returned to the value before perturbation (3.3 mg-P/L) and the system was studied during 40 days (from day 105 to day 145).
Results and discussion
Steady-state and increase in the concentration of influent phosphorus
The system was maintained over 35 days under steady state conditions (from day 50 to day 85) before increasing influent phosphorus concentration. Along this time, a dynamic equilibrium between acidogenic and methanogenic bacteria population was reached. High removal efficiency of soluble and total COD (~95%) and low VFA concentrations (< 50 mg/L) were achieved (Figures 2 and 3) . However, a slight decrease in reactor pH was observed because alkalinity inside reactor (influent alkalinity + alkalinity generated in methanogenic phase) was not enough to buffer VFA production, which has also been reported by other authors [29] .
After increase in the concentration of influent phosphorus (from day 85), a fast variation in COD, gas production, VFA concentration and pH was observed. Effluent soluble COD removal ( Figure 2 ) and gas production ( Figure 4 ) decreased on average 20% and 18 % respectively, whereas VFA concentration increased approximately 500% (Figure 3 ). Sharma and Singh [11] , observed a similar behaviour when calcium and phosphorus were supplied to a distillery wastewater treatment plant.
Because VFA accumulation caused pH decrease, NaOH 1 N was added in influent to buffer the reactor pH (6.6 -7.5). A constant difference between reactor and effluent pH was observed. In order to justify this difference, a sample was collected from the reactor and pH was measured continuously at laboratory conditions for 85 minutes. pH increased constantly until reaching an asymptotic behaviour ( Figure 5 ) that may be explained by CO 2 loss when the sample comes into contact with the atmospheric air. CO 2 saturation capacity is exceeded at the new pressure and temperature conditions [30] . Reduction in CO 2 concentration generates a pH increase as a result of protons (H + ) picked up according to the following equation:
H + + CO 3 2-↔ H O + CO (l) ↔ H O + CO (g)
VFA are essential substrates for methanogenesis but they also are toxic when they are present in high concentrations resulting in gas production and effluent COD removal decrease [31] . VFA and effluent soluble COD concentrations had a similar behaviour (Figures 3  and 2 ) suggesting that methanogenesis was the stage highly affected when phosphorus concentration increases whereas acidogenesis remained practically invariable. VFA accumulation causes pH decrease and methanogenic population is damaged. As a result, methane production and COD removal decrease. Methanogenesis is known as the most vulnerable stage when pH decreases and there is an accumulation of short chain VFA, which affects the stability of the whole process [32] . After this perturbation, influent phosphorus concentration was set again to 3.3 mg P/L during 40 days from day 105 and COD removal values did not reach primary values obtained before the increase in phosphorus concentration (Figure 2 ). This suggests biomass did not recover from the previous conditions. Microscopic observations showed an excessive growth of filamentous microorganisms after influent phosphorus concentration increase ( Figure 6 ). Different groups of filamentous bacteria were present, but no dominant type of morphology was observed. As a result, floc size increased forming a skeleton structure and promoting the attachment of other microorganisms by their extracellular polymeric substances according to suggested by Martins et al. [33] (Figure 7) .
It is well known that a large filamentous population causes detrimental effects on liquid waste treatment systems due mainly to the loss of sludge settling (bulking) and foam generation [34] . However, relatively little is known concerning the factors which affect the growth of these filaments [35] .
Some physiological studies with pure cultures of chemoheterotrophic filamentous bacteria have shown that most of them seem to have a strictly aerobic respiratory metabolism, in which oxygen is the electron acceptor.
However, some morphotypes can perform a fermentative metabolism under anaerobic conditions [33, 35] .
In activated sludge the presence of filamentous microorganisms is frequent. Under anaerobic conditions, filamentous population decreases as a result of lower rates of polyphosphate depolymerization [36] . However, with the presence of a growth factor, population will increase to a higher level, depending on concentration of this component.
An excess of phosphorus in the media stimulated filamentous bacteria growth and affected the equilibrium between acidogenic and methanogenic populations. It caused a clear inhibitory effect on the system performance. A material may be judged inhibitory when it causes an adverse shift in the microbial population or an inhibition of the bacterial growth. Inhibition is usually indicated by a decrease of the steady-state rate of methane gas production and VFA accumulation [2] .
Methanogenic population decrease may be explained because filamentous bacteria have a higher outward growth velocity and create a diffusional resistance inside the flocs [33, 37] . Hence, the substrate is not available for methanogenic bacteria and finally the population is reduced.
Approximately 70 types of filamentous morphologies have been described in domestic and industrial wastewater treatment plants [34] . Although identification from optical observations is complex, there are several classifications of filaments based on morphology. Attending different morphologic characteristics like presence or absence of sheath, motility, branching, length, shape and the result of Gram stain, filaments observed ( Figure 6 ) can belong to types 1701, 1702 (group I), 0411, 1863 (group VII) according to Eikelboom classification [38] .
Kinetic parameters
Kinetic parameter determination was performed in the presence and absence of phosphorus enhancement and under steady-state conditions, in order to assess quantitatively the effect of a concentration increase.
Mass balances applied to substrate (S) and microorganisms (X) under steady-state conditions are as follows:
Where: Q e >> Q w , Q e ≈ Q o dS/dt = 0 , dX/dt = 0 and using the expressions:
Equations (2) and (3) can be written as:
Specific bacterial growth rate (μ) can be described by some equations. Monod [39] proposed an expression for describing μ in terms of substrate concentration (S e ), maximum specific bacterial growth rate (μ max ) and a half saturation coefficient (K S ):
Replacing (9) in (7) and linearizing the expression, equation 10 can be obtained: (10) Thereby coefficients Y, k d , μ max and K S were determined graphically by means of linear regressions of equations (8) and (10) using experimental data. A summary of the calculated kinetic parameters is shown in Table 3 . Bacterial yield coefficient (Y) decreased 54% and effluent COD increased. Y represents microorganisms which degrade COD inside the reactor as a consortia and not particularly a specific culture. Effluent COD increase due to methanogenic population reduction and filamentous population growth is not considered by Y. In conclusion, and because acidogenesis stays basically unalterable, Y reduction can be considered as an indicator of methanogenic population damage as a consequence of an increase in influent phosphorus concentration. Coefficient of bacterial death (k d ) did not change considerably since biomass global concentration (VSS) was kept essentially constant. It seems to suggest that the filamentous bacteria growth rate is similar to the methanogenic population decrease rate.
X · S e · θ / (S o -S e ) = S e · Y / µ max + K S · Y / µ max
The maximum specific growth rate (μ max ), which represents the consortia responsible for organic matter degradation, decreased by 35%, due to methanogenic bacteria diminution. Similarly, K S , which represents substrate concentration at half value of maximum specific growth rate, increased causing an effluent COD rise.
Conclusions
Influent phosphorus concentration increase causes a clear inhibitory effect on the anaerobic biomass performance. Inhibition is indicated by a sudden decrease in gas production, pH and COD removal, VFA accumulation and an excessive filamentous growth. Methanogenesis is adversely affected while acidogenesis remains practically invariable. The equilibrium established between acidogenic and methanogenic microorganisms is visibly modified and it causes a reduction in the population activity of the latter. System performance does not recover from the previous conditions when phosphorus concentration returns to initial values. This suggests that biomass undergoes an irreversible damage. The excessive filamentous growth causes a methanogenic population decrease due to their competitive morphological advantages. Filaments observed can belong presumably to Eikelboom types 1701, 1702, 0411 and 1863 according to their morphologic characteristics. The experimental results show phosphorus to be a growth factor for filamentous microorganisms in anaerobic biomass.
Bacterial growth coefficient (Y) and maximum specific growth rate (mmax) decrease evidently as a result of system performance disruption caused by a sudden increase of influent phosphorus concentration. Y can be considered as an indicator of methanogenic microorganism damage.
Finally, this study has contributed to understand the phenomena occurring when anaerobic biomass is subjected to nutrient concentration changes. Thereby, strategies can be suggested in order to solve problems related to nutrient concentration changes in influents of full-scale anaerobic liquid waste treatment plants.
